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In-Situ Detection of Contaminant Plumes
in Ground Water

W. RUDOLF SEITZ

DTRODUCTION

The cone penctrometer provides a cost-+ffective
method for characterizing subsurface sol stratification
and determining permeability. The greater the permea-
bility, the greater the ability for ground water and con-
taminants to migrate. In addition, a penetrometer
equipped with additional instrumentation could attempt
o venfy the presence of contaminants and determine
the gradient and boundary of a plume. The ability to
define the boundury of a plure depends on the levels
that can be detected by the instrumentation and the
accuracy of sampling and of the method itself. Since the
owser limit or boundary of a plame as established by the
regulstory community represents the legal limit of the
plume, any instrument that can verify the presence of
contaminants can assist .n plume charactenzation,

This report reviews the current status of in-situ
sensing technologies that can potentially be used in
conpunction with the cone penetrometer 10 detect the
following types of plumes in rround water:

1. Petroleum fuels (aliphatic and aromatic hydrocar-
bons).

2. Chiorinated hydrocarbons.

3. Nitrated orgsnics, primanly explosives.

4. Heavy metal ions (mainly from electropisting
wastes),

The cone penetrometer can be most effectively used
in combination with real-time condinuous measurement
to get 8 profile of contaminant concntration v depth.
However, the site characterization and analysis pen.
etrometer sysiem (SCAPS) can also he used in an
sttached sampling monitor mode snd an unsttached
sanpling/monitoring mode.

Emphasis in thiv repoft will be on in-situ spectro-
scopic measurements through fiber optics. The poten-

tial for using fiber optics for in-situ measurements in
ground water wa: recognized several years ago
(Hirschfeld et al. 1983, Hirschfeld e ol. 1984). More
recent progress in developing systems for in-situ analy-
sis is summanized in recent review aniicles (Angel 1987,
Seitz 1988, Woifbeis 1988). The rationale for using
fiber optics for in-situ environmental analysis has re-
cemly been considered by Eccles and Eastwood (1989),
It ts assumed in this repr A that a large volume of sampile
is available such that detection himits are established by
the ability to measure low concentrations rather than the
abwlity to detect absolute amounts.

FIBER OPTICS AND SPECTROSCOPY

Traditionally, most spectroscopi: methods of analy-
sis have been {asboratory oriensed. The sampie has been
brougt back 10 the laboraiory and presented to the
spex trometer in & controlled manner. Often the sample
¢ wested, e.g., with pH adjustment or addition of color-
forming reactants, to convert it to a form that is more
readily measured spectroscopically.

Recently, developments in fiber optic technology
have stimulsted interer 2 in applying spectroscopy in situ
using ontical fibers & conduct light between the sample
and the «pectrometer. In many contexts the spectrome-
et can remnain in the laboratory amd be coupled
remote sampling sites without serious losses in light
intensity. In the case of spectroopic measurements
coupled to the cone penetrometer, it is cnvisioned that
the spectrometer wouid be permanently inatalled in a
mobile lsborsiory .

Plasticclad silica is the preferred optical fiber for
measurements in the visible and ultraviolet regions of
the electromagnetic spectrum (Skutnik e al. 1988), Itis




available with numencal apertures a hugh as 0.43 and
transmits in the uitraviolet down to 220 nm. Adenuation
by the fiber increases as wavelengih decreases. compli-
caung remote measurements in the uitraviolet below
300 nm. Plastic-ciad silica fibers are commonly avail-
able with core diameters of 0.20. C.60 and 1.3 mm. The
larger diameter fibens atlow for greatty enhanced fight
transmission but are agnificantly moreexpensive. Fibers
w th 0 ol)-mm core diameten provide a zood compro-
Mmise between cost and throughput. and have been used
tor remote laser-tnduced fluorescence measurements of
aromatic hydrocarbons in water (Chudyk et al. 1985,
Glass fibers developed for commumcations applica-
tions have extraordinarnly high transmission in the near-
ifrared region of the spectrum but have low numerical
apertures and do not transmit betow I%0 nm.

There 13 con iderable current interes in developing
fibers that conduct light at longer wavelengths, extend-
g turther into the infrared egion of the <pectrum
iDrexhage and Moeynihan 1988 However, while de-
velopments in this area may enhance the capab.dities of
nfrared spectrosopy. this technique s ot sensitive
enouyh to detect contaminant plumes in Zround waler.

A single fiber can be uved 10 transport [ight both o
and from the sample. Optical arrangemenes for imple-
menang this are shown in Figure 1. However, while tius
arrangement comerves fiber and provides a wetl-de-
finsd reproduc thie geometry it s subject to high level.
ot wray hipht anvng from retlections o tintcrfaces where
there 14 a change inrefractive index. Fluorescence can
be recolr ed from dray gt usng 2 monochromator of
filter hecause it occurs ot longer wavelengths than the
sray heht However, the quality of the required optws
i Ingher when flunrescence has to be measured in the
presence of igh levels of dray lrght
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For in-site ground-water monitonrg, it is probabiy
wiser 10 use separate fibers to conduct Hight to and fiom
the spectrometer as shown in Figure 2. An experimen-
tal comoanson of single v< dual fiber arrangements has
shown that luorecence intenities coserved for aringie
fiber measurement are not sige ficanily greater than
thone observed using a dual fiber armangement (Louch
and Ingle [9%8). As «hown i Figure 2, collection
efficicmres are manimized during emission spectms-
copy by holding the two fibers at an angle relative 10
cach other such that there 1« maximum overlap between
the cone of radistion excited by the fiber from the sourte
2w the cone ot radiation accented by the fiber leading
10 the detection aystem (Plaza et al. 1956). Intensity can
be f.irther enhaor ed by surrounding the excitation tiber
with weveral return fiders as shawnin Figure ) (Schwab
and My Creeny 1984, Plazaet al t9R6).

DIRECT SPECTROSCOPY

Because contect with the wample is vt required,
direct swestroscops ¢ tecton of ground- water con-
tarminents s the most stirective approach to 1051y
monuoring where sppicable Several types of spectro-
wWopKk meswremenis can be inplemented throagh fi
bers. Meswures that can be tahen ta enhance enanvity
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generally increase the measurement ti.ne and thus can-
not be implemented with the cons penctrrmeter. Varni-
ous forms of spectroscopy are considerca below.

Near infrared spectroscopy

Near-infrared (NIR) spectra are due to weak over-
tone and combination vibrational bands. Although they
appear weak and featureless, they can be rmcorded at
very low noise levels. This makes w possibie to use
muitivanate statistical methods o enhance small spec-
tral differences. This type of measuremend is readily im-
plemented through optical fibers (Foulk and Gargus
1987, Weyer et al. 1987, Archibaid et al. 198%). How-
ever, it 1s himited 10 major and minor constituents (com-
ponents present at fevods > 175 and requires more a
pnon knowledge of the sample type than wouid be
avadable :f trying to make such measurements directly
with the cone penetrometer. This method is not sustable
for in-situ plume monitonng.

Raman spectroscopy

Raman spectroscopy 1s most frequently conducted at
wavelengths well out in ihe visible where optical fibers
transmt efficiently. Although Raman spectra nave been
measured in situ through fibers ¢ S.hwab and McCreery
19%4, Archibald et al. 1988, Lewis et al. 1988, Leugers
and McLachlan 19389), the detection limits are on the
order of 1% and are not low enough o detect typwcal
comaminant levals in plumes. Detecoon linues for phe-
nols in the mg/l. range have heen obtaned uding con-
ventional Raman spectroscopy ( Marley et ul. 1985). A
special cefl with a 1-m path length coupled to fiber
optics has been used 10 increase 1he in-<itu sensitivity of
detection for nocmal Raman wcatters to approvimately |
mg/L (Schwab and McCivery 1987). Resonance Raman
wpectroscopy 1s capable of ugmificantly lower detection
it (Schwab and McCreery 19%7). However, reso-
nance harhan spectrscoie analy s of ground-water
contaminants would be diflic ult technically and expen-
sve hecause it requires ) laver excitatron in the ultra-
violet, 2} a dout.le of triple monox hromatne to revalve a
weak ugnal from a much sronger wgnal st nearby
wavelengthn, and Viulirasenutive Light detecion equip-
e,

Interaction with a metal wurface greatly encances the
Raman effecs and allows compournis o be detected at
muh lower concgatrations than praihie with conven-
tional Raman wectroncopy (Carrabbe e 28 1907) Be
caune this technique. known s wurface enhanced R aman
WECHOW 0Py, fequires interachion hetween the snalyte
and a weface, it is comvuderad below ae 8 yectmaome
tec hnugue conrpled to o chemcal twdc stor. The “indica-
100”7 s the surface that enhances the Raman effect,

The advantages of Raman spectroscopy for in-situ
detection are that it can be applied 10 aqueous solutions
and can detect any organic cordaminant. Dow Chemical
Company has developed in-situ Raman spectroscory
for process controt applications {Leugers und McLach-
lan 1989). However, it is limited 1o constituents present
a> 1%

Laser-induced fluorescence

Laser-induced fluorescence « LIF} is by far the most
promising >f the direct forms of spectroscopy that can
be implemented through fiber optics. Fluorescence
inethods are inherently sensitive, capable of measuring
concentrations in the part-per-billion range. A laser
provides intense highly collimated excitation radiation
that ilfuminates a precise area and can be efficiently
coupled into an optical fiber.

Of the four types of contaminant plumes considered
in this repor:, LIF is applicable only to petroleum fuels,
responding to aromatic hydrocarbons. Heavy metals.
chiorinated and unchiorinated aliphatic hydrocarbons,
and nitroaromatic hydrocarbons do not tuoresce. Chio-
rinated aromatics may fluocesce weakly but the pres-
ence of chlorine substituents reduces the efficiency of
fluorescence. At this point, the possibility of in-sity
Nluonmetric detection of chiorinated aromatics resnains
to be demonstrated.

Benzene. toluene and xylenes aie tie principal aro-
matic components of petroleum fuels Naphthalenes
and other higher aromaiacs may ocous 1o lesser amounts
but il at a tevel readily detected by fluorewence,
However, becauve highet sromatics are not as soluble in
water as ather components of petrotevwn fuels, it 15 to be
expected that they wiil not migrate as rapedly 10 ground
water. Dyes added to oni would also migrate at thew
own unique rate. Therefore, LIF techaques based on
detsction of higher aromatics or dyes may not ade-
quately represent plume disttidution. The author s opan-
wn st at LTF rechnngues for mappng petroleusm plumes
are properly fovused on detection of single-nng aro-
matics even thoueh, istrumentally, this id far more
challenging than detecting gher aromatics which
MNuorewe with greater efficrentics at longer wave-
kerzths,

The feasiwhity of dotecting ungle-ring aromatics by
LIF coupled o fiber uptics has been demonstrated
(Chudyk et al. 19855 The wource was a frequency
quadrupled Nd--YA g limer emitting at 66 nm. Radia-
tion wae coupled 1ty 3 0 (0-wm core dianweter plastc-
clad ulaca Gher. Separate fibers at an angle of 22" were
wed 10 conduct light o amd from the wemple. Fiber
lengths up to 15 m weee uwed. Al the excitation wave-
length, 266 e the stteruation of plasta crad ulica
spprovmately M0 dBAm. Expenimentatly the trans.




mittance of 25 m of 0.60-mm core diameter fiber was
found 0 be abow 0.04.

Detection limits aepend on the partcular compound
and the measurement conditions. However, they are
well down in the pant-per-biilion range using a fiiter
with m.ximum transmuttance at 320 nm to resolve
fluorescence. Typically, measurements requered 310 5
minuies, comresponding to approximately 5000 laser
shots to build up a large integrated intensity value.
However, this could ezsily be shoniened. although it
would neces:anly involve some degradation in the
detection limit. Intensities measured by LIF have been
compared (o the total aromatic content of gasoline mea-
sured by gas chromatography at a seres of sites. includ-
ing 12 gasoline 1 sons, two manufactunng companies
and one chemical company (Chudyk et al. 19%9). The
correlation between the two methods is poor, with
differences exceeding an order of magnitude on many
samples. In particular, L1F gave higher results on sampies
on which gas chromatography measuned low aromatic
concentrabions. Whale the ongin of the discrepancres s
uncertain, the pattern of the data suggest that there may
be a background signal due cither 10 natural (luores-
cence in the sample o increases in siray iight levels
resulting from the highly scattering nature of the sample.

Although LIF shows promise for direct in-situ detec-
tion of hydrocarbon olumes. actual performance wiil
have 1o be establisherd in praciice in companson (o other
methods.

Field LIF measurements made 10 date involve a
singie intensity measvremnent. One way of enhancing
the information coment 1v 10 meawure Itenvities 3
multiple waveiength.. Research to develop the instru-
mentation technology to do ths s currently underway
at North Dakota State Univeruty (Gregory Gillespee,
Principal Investigator) and Tutts Univeruty (Jonathan
nenny, Pincipsl Invesh gator).

Refractive index detection

A vanety of methods may he used 10 optically sere
refrative ind2x. (Bobb et al. 1989). One anproach i e
measure the intenmity of Lrht reflected st the end of a
fiber (Meyer and Fesdey 1987). This could be readly
implemented for real tme in-utu refractive inden
measurements with the (o e penetrometer. However, o
might he subject to ermr due 10 extroneour light re-
flected back imo the Nher by matenal outunde the fiber,
AN in-sity refractive index would indicste whether or
nOot the Cone penetrameie! was in contac* with water. [t
would sling be useful in detecting pure contam = st ot
high levels (> 0.1 10 1 %) of contarmenant. 1t would not
provide sny information s« to the ihentity of the con.
taminant ance stl nrgans crmtaminents of signifn sce
have refractive indices grester then that of water.

SPECTROSCOPIC TECHNIQUES COUPLED
TO CHEMICAL INDICATORS

Petrcieum fuels and other petroleum-derived prod-
ucts with aromatic components are the only tyoe of
ground- water copdaminants amenabie to direct spectro-
scopic detection. Current mesearch to develop methods
for in-situ detection of other types of plumes has con-
centrated on systems involving an Tindicator” phase
that somehow interacts with the analyte to enhance its
spectroscopic detactabiity. Inevitably. time is required
for this interaction o take place. While the length of
time vanes from sysier to system, none of the in-situ
techniques based on indicators is fast enough to be
incorporated into ihe cone penetrometer 10 provide a
real-time continuous profike of concentration vs depth.
They would have 1 be used with the other sammle
modes of the site characterization and analysis pen-
etrometer system.

Nitro crenpounds

Amine-comiaining membrancs

Zhang et al. have developed a primary amine con-
tamning poly(viayl chionde ) { V) membrane that reacts
with 2.4 6-trinstrotoluene (TNT) and other polynitroaro-
maticy 10 form a brown product (Zhang ef al. 1989a,
Zhang et al. 19%9). The absorption maxtmum for
membranes exgosed 1o TNT is af 510 nm. Because the
atmorption specirs of the product differs for vanous pol-
ynitrosromati's, the memiwane could potentially be
used to distinguish differont explosives in a mixture.

Form.stion of the brown product 1« irrevervible. The
messured parsmeter 1s the re of color formation, Fors
a typial membrane formulation with a thickness of
0.36 mm, the inital rate of color formation s 0.00)
abrorbance unit per ppen TNT per minute, when mem-
branes are e xpaced 1o aquenus TNT candards (Zhang et
al. 19885). Thes s indeperdent of membrane area. The
uetectabihity depends on the length of ime hetween
exposing the membrane to TNT and measunng the
memhcane abvorhance. To get the detection Lirmits be-
low | ppm. 3 typwal plume level il 15 necexary to wait
o least 10 mnutes (ausuming the nunimum detectable
change 1 stworhance 14 (: 110). Thitictoo long to allow
the membwane fo be ueed for real-time detection with the
conc penetrometer, although it could he used with the
sitached campling mode.

Slow diffuvion 1n tte PYC membrane it the reawon
that the TNT-wnutive niembrane responds «o slowly,
In principle. the e resgent syviem coukd be formu-
tated in & nonvicous biquid that couk! be held in place
by a thin TNT. ermeable memhrane However, suc-
cenful develpment of il a cystem 1« uncertain,
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Although the response time might be improved relative
to the PV membrane, it is almost cenainly would not
be fast enough to allow continuous prefiling with the
cone penctrometer.

The color change occurring in PV C membranes has
been measured through a single optical fiber (Zhang and
Seitz 1989. Zhang et b, 1989a). However, this measure-
mentis subject to relatively high levels of stray Light due
1o reflection at interfaces where there is a change in
refractive index. ~of reasons d scussed ahove. the two-
fiber arrangement shown 13 Figure 2 would be pre-
ferred. The measured parameter ‘s the rate at which the
ratio of intensity at X24 nm to the intensity at 500 nm
increases. Because the brown product does not absorb
324-nm light, this waveleng:h serves as a reference to
compensaie for variations in optical properties when
different PYC membranes are coupled 1o the fiber.

Because the measurement is based on atworption,
absoiute intensity levels are considerubly higher than
they are for fluerescence. A fnickd imstrument capable of
makiiig this measurement could be constr ted at modest
cost (ca. $2000-$5000) using LEDs as hight sources.
However, such an instrument has yet to be constructed.
The entire system would have to be subject to a tigorous
evaluation i the field before 1t could be convidered
wfficiently rehable for routine use.

The membrane has been shown to respond rehiabiy to
TNT in mumitions wastewater samples. There 18 no
detectable blank response when mw..branes are ex-
pned to uncontaminated ground water. The chemical
react:on that is believed 1o be responaible for formatiom
of the brown product is «pecific for poly mitroaromatics.
In short all available evidence suggests that the mem-
brane is sustable for field use but it would be sirongly
aivicatide 10 test its response on a larper number of
samples.

Fluowese ence quend hing

The author of this report is currently investigating an
alternative approach 1o the detecvon of mitrated orpan-
s based on flunrescence quenching. Pyrenebutyne
acid s incomporated into plastkized celivlone acetate
membranes. Theve membranes precomcentrate nitraled
oepamcs. The precence of mitro compounds 1n the
memmane quenches pyrenebutync acad fluorew cive
The membrane re \ponds to all nitro compounds with ity
sensitivity deperding on the tendency of the mitio
compound 1o partitian inta the membeane. The Nuaces-
cence quenching approach offers the advantage that o
responds 10 hexahydeo- 1,38 10miros |3 S-trianine
(RDX), # imponant nonsromat esplosive that s not
detected by the PYC membeane

At thie pont i h mmeore work s reqaseed to develop
the Nuorescence quenching zpproach. Detechon limats

are in the 1-to 10-ppm range and response times are vn
the order of an hour or more. Even if this approach is
successful, it will not be compatidbls with continuous
profiling with the cone penetrometer. It migit, how-
ever, provide acontinuous reversible in-situ response to
nitrocompounds if the sensor was leftinplace in ground
water,

Volatile halogenated organics

Fujiward reaction

Effors to detect halogenated organics have centered
on the Fujiwara reaction shown in Figure 3. Haloge-
nated organics react with basic pvndine to form a fluo-
rescent red product. For sensing apphications, the rea-
gents are heid at the end of an eptical fiber and prevented
from direct contact with the sample by a hydrophobic
membrane that 1s permeable to volatile halogenated
organics The reaction is irreversible. When response
reaxches a saturation level, the indicator reagents need to
be replaced. Fujiwara-reaction-based sensons cannot be
used for continuous in-situ monitonng.

The measured parameter is the rite of produce for-
mation determined either via the rate of increase in
fluorescence or absorbance. fnitial studies were based
onthe rate of invrease of luorescence (Milunovich etal.
19%6a, Milanovich et al. 1986b). More recently this
type of sensor has been used to determine chloroform
concentrations n the headspace of contaminated wells
{Herron et al. 19901, However, it is dutficult 1o engineer
this sydem to get reproducibie responses from sensor to
wnsor. Fluorewent product initrally farms at the inter-
face where the halogenated organic first comes
contact with the reageot. This i followed by movenrent
of the product with the reagent due primanily to convec-
tion, which does not occur in & repeoducible way. The
primary cause of poor reproducibibity 1s vanation in the
perition of the fluorescent pradduct telative to the end of
the fiber. This affects botd the excitation intensity and
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Figure 4. Schematic of indicator sysiem for detecting
halogenated organics. The Tcfion memiwane serves as
a reflector (o redirect excitation iight hoack 1oward the
colecnion fiber.

tee efficiency with which the fluorescence is collected.

Fluorescence measarements are also wubject 10 satu-
ration due 10 *he “irmer filter effect.™ As red product
accumulates, it abeorbs a significant fraction of the ex-
citaton radiation, vhach causes the observed fluores-
cence to he attenuated.

Recemly. the posubnlity of wenung volatile haloge-
rated organcs by measunng the sncrease in the absor-
bance of the red product has been demonsirated uung
wpsrate fibers to conduct i1 to and from the Fujwara
reagent (Angel et al. 1990). The optical arrangement of
the ragent phase is shown n Figure 4. [n this armange.
mert the Teflon meminane wrves v a retlector o
redirect the incident rad:aton back toward the fiber
leading to the detection sydem. The atwortance ap-
proach offers se eral important advaniages S enwur-to-
sensor reprvuc ibiiity is greatly improved One reavon
1 that, in the abnorhance made, all abcorbing moley iles
in the optical path affect the observed vignal equally,
ingependent of how far they are from the end of the
fiber Anther reasor is that the meacured psrameter i
the rano of interaty 1 SV nm, wha hothe red product
abnortn drongly, 10 the irsenuty 2 610 m_ whiach s et
seorhed. The use of @ ratho Me swWTment compencaies
for vanatulity in source intenasty and the optx sl chera -
teratics of the indi st pharee, Mot notehly venations
in the pemiton of the reflecting surface relative 0 the
ends of the two fiberc.

The aheortence messsrenent slw requites mauch
less intenaity Thie not only menimires phaotode grmte-
1500 80 @ vouart € o errvw Past sl robntantially wemplifes
inrumentstion requirements. The invedigstor plen

12 develop a LED-based instrument for in-situ absor-
banve measurements of voiatiie halogenated organics.
Because the wavelengths required for ahsorbance meas-
wrements of volanle chlorinated hidrocarbons are very
similar 10 th> wavelengihs for letermining polviirro
aromatics using an amune-impregnated PYC mem-
brane, u single instrument can be designed 10 do hain
meusuremenis.

The rate of response 1o chlototorm 1s 0.15 absor-
bance unit per ppm per minule with a lag tme of less
than one munute (Anpel et al. 1990). This approaches
the respoase times required for continuous profiling
with the cone penetrometer. Since the reaction is irre-
versibie. the measured parameter in a continuous profil-
ing expenment would have to be the slope of the
response curve, i.e., the change in absorbance per unit
change in ume. However. there is a dynemic range
probiem. When the absorbance exceeds 1.00, the meas-
urement is approaching saturatton and the slope changes.
Once this point is reached. the sex soris no longer viable.

A possible alternative approach to profiling woukd
be t0 use muitiple indscator phases at vanous distances
from the end of the conc penetrometer as shown sche-
matically in Figure 5. When he penetrometer had
reached macimum depth, all indicator phases would be
exposed 10 vapor. The response for each indicator could
be measured on a rapwd sequential hasis using a single
pectrometer.

Polymers have been added to 1crease the viscouly
of the Fujiwars resgent and reduce the extent of convec-
tive muxing, whach affecis the reproducibiiity of fluo-
rescence measurements « Herron et al. 1990)
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Refraciive irdex

Trichliorethylene (TCE) in water and air has been
detected through fider optics based on a change in re-
fractive index (Oxenford et al. 1989). The cladding is
stripped from the core of a fiber and repiaced by a
cvating that has an affiniy for TCE. TCE causes a
change in the refractive index of the coaiing, which
affects the intensiy of hight trancmitted through the
fiber. This approach has been more fully charxtens.d
as a metiod for detecting hyvdrocarbon comtaminanis
(Klaineret al. 1933). Bevause it is reversibic. the senvor
could pe leftin place in ground water and used for con-
tinuous in-situ monitonng. However, further work 15
required *o charactenze thas approach.

Another possibie avpproach 10 in-utu detection of
halogenaied hydricarbuns (and oth.r speciest ix 1o
apply an RF discharge or an electneal spark (o a sample
at the up of an optical fiher. Preliminary expenmments
have demonstraied response to chlonne-containing
compounas Griffinet al. 1585 However, further work
is required before the feasitality of this approach can be
evaluated.

Hydrocarbons

Kefracnuve indzx

Hydrocarbons in water and 211 have been detected
hascd on changes in refractine index (Kaw zhara et af.
198 1), The core of an optc al fiher is coared with a laver
that isteracts with i vdng arbons, undergoing a change
in refrictive smdex This o turn affects the iervaty of
fight prop.vated through an opiw ai fiber Mavimum
sensitivity 1o amail Changes mrefrac ive inie s K achreverd
by deizmng ihe vy tem o that the refractive indes of
the coating v only (ightly Jower than the refractive
inden of the vore. interruties propagated through the
{iber Can he measured direcity by placic 2 2 source and
2 Jetector ot opposite ennde of the fiber Ad shown iy
Figure 6a_the conted sex tom of Hiter can e conled 1o
mahe a relanvely umell wenung element. Because hight
penetrates intn the (oating fiw onby 3 aidane on the
otder of a comiple warclengthe it 1 eacy to make the
(oating the b sowmagh w ihag the Dphe e oot dree t]y
et woth the sample and 1o e 2fteu o0 by furheduy

An alteimative arrangroweg o mmak ing the measure.
memt 1y shown i Frzore ab The (oating s placed on 2
chemt teagth of fiber ;1ght rear the end. aend & Ruoeopder
v attahed durectly ot the end ( Klaowe et sl 1ORR) The
measured pacameter o the irgenuity of Daweqeme
The advaniage of this arvangemecn o that the winiog
element v at the evsd of 3 fitet and can he werted
dire thy o the warnple

The semetis ity of “hae apgwom b to g parte ula com
o] depernds cn the aiffiny of the «eting kv @

Opticat

Sourcs [ Datector |

Senscr
Eicmant

. Source and detector cf capesite ends of e fber

(e J-e e
Moot \\

Sensor _
Element

Flvoc

b. Source and detector at the same end of the tiber.

Frowre . Schemate of arrasgement for refractive-
‘idei-tased sensors.

particular compound amd the magnitude of the chanye
e refractive inde T when the compewnnd partiions mio
or oot the phase I peaeral, the it ss so'ubie & com-
k. the mode virong by o wall parioon o anorgane
coating and the more wermativeiv it can he detected. A
particular coating wall be whect ve for a class of conn-
pounds, ¢ g. aliphatc hydrocarbons, rather than re-
wwanling o parhcubas compound. Up to a poant,
sensitivity 3 e enhang g cinpdy by couting a greater
iength of fider rkowever. 3 powt wall he uitimately
rcahed where senanvity will be himuted by thermal
Rctuatwns o refrachve inde

A sensos for oib i water has been developed bael on
the abuve peroviple (Kawahara et s £ The vore of
a fused vl g fider reacted with o tider vintlane
provhce a hpoptein srfae T o adsorbs hvdnoar-
oy The e v maed enstiee to arornatie hadro.
carfemn hecaee they bove Fioher refimtive unbwes
than ahiphatic hvdnartonc. The cetection Torat de.
pencds on boeh the refra teve e v of a compeoumd and its
Wity fue the modified varfae. The detey fon imet for
cnnle or) was Lme . However, for many other con.
pourde ke tylenes o was ugnificantly tagher The
e acuterriend was ke with the tranunicon arrange.
iver by i Frgune G e a helium-aron loser ac
the wwirve

Crawordsng © apsre P e beon detes ted g the opine gt
sivangernent hown i Frgure 6h (Kiamwar et al 193X,




Respense is reversible bui quite slow. The response fos
24-hour equilibration is considerably greater than for 3-
hosir equilibration, indicating that the sensof is far from
equilibrnum after 3 hours. The senisor nsponds to levels
as low as 'l gasoline/L air. It «s not clear how ifus
transiates 10 response (o hvdrocarbons in waier.

in 2cneral, wensors in which 1he target conaminants
interact with a coanng 1o produce a refractive adex
CHAlZe ArE 100 oW 10 D used fOr LONLNuOUS proti, . ng
with the cene penetrimeter However, becauswe re-
spome involves partitoning rather than a chemucal
reaction, it is snherently reveruble. Such a sensor conid
potentiaily be placed in the proper locabion with the
conz penetrometer and used for continuous MoTHtoNng.
However. ihe wenutivity kvels may be marginai for
W h an apphication, Further 12swearch and developmen
would have to be cone on the preparatson amd evaiuat o
of «uch «ensors (0 establinh that they could be ued for
COMINUCRIA (N-4ilU ground- waier Ton:tonng. Althoueh
the fiher opt:¢ gasohine senvor 1s o will be availabie
commercially. ity primary appiwadon would he 1o lons,
for relatively high concentrabions of gasoline near a
CONHTHRALION vOurce rather than the lower levels that
would be found (01 Zround- water plume.

Ervironment sensitive flucrewerne

A Hher c venuw tor gawise vapors has heen
prevared by incormoraling an enyIHOmTent- Wenabive
flgoronhor in asdoxane poly mer a the tip of 3 vnghe op-
1 al Hiber (Walt o1 5f 19X Gasoting v apor parithn
into the pohyvmer, modifying the me coens irosm i of
the i phot and Caucing an increase in fluoresceme
it vty anwd 2 hifl 10 1he emicean mas mam 10 shoner
warvelensth The response of this wenww has vev o he
Lharactenized o de pth [0is doubrful thae it el resprmnd
vapacdly enough 1o be useful for continsomas potiling
w th the (ome proetromeier. While recponse 4 inher.
ety rever thle o would have 1o e eabiiched that the
Caorpbor v ul e ently stable b bng termuse While
thy ciw et nanteresting farther work s required 1o
determine whether 1t ccubd ke apphed in 8 eactnal

cimteat

Surface Fnhanced Raman Sprctrexapy (SFRS)
Acurtiom on metal wurfa es greatly enhances the
Raman effent The punaihinty of ucing theceff~ 1 fowan.
sity anaty e of ground water Contaminamiy i under
invedtigatum (Carrabba et al 1R Carrabbg JURR,
Carraraetal 9 Vo [heoh et gl 1R The uvitem
conacte of an elecino bema a? cell des ned s thet
anslyte advrrtm o 9 slver electeode o rtroned i tha
Lo mernde on the urf e aee i ety evinted Thi
apgarac e offery waetal e tive festures t can be
applissd 1 sy o0 gane @ fo abionon o e

oscopKC selectivity, clectroct. “nucal seiectivity can be
achweved by taking advantag: of vanations in the poien-
tial depencence of adsorption for different compounds.
Sensinvity can be enhauced by allowing time for ana-
Iyie 10 accumuiare at the electrode. Because electro-
chemecai cyclingcan b used (o renew the surfare, i can
be used for several sequential measurements In situ.

De<ign aspects of a SERS ciartrochemustry system
for 1-utu measurerments have heen addressed, and
~everal proof-of-principle expenments have demon-
sraiad 1s attractive features (Carabbe et al. 1987).
Nevertheiess, the challenges of rendenng this approach
practical 1n a ficld context are formadabie. While excit-
ing progress has teen made in improving dewection
jnmins, 1t il remains 10 be srown that 5S¢ S/eleciro-
cherawry can detect contaminants in 2round water at
the 10- 10 10N nd level common for many samples.
The transutron from laboratory measurermncnts of pre-
pared wamples o f.eld ressurements of cuntam inants 1n
ground waer will almodd certanly compound the sen-
sitivity problem. Sampics that fluoresce will he subject
10 high hack ground <rgnais. Other «amples may contain
crmponents that advort on the electrade and interfere
with the clectrovhemiury.

I w1l aleo be difficuit ‘o develop fickd instrumenea-
tren that performs as well as laboratory instrumentation.
Ramw wpevtromopy regeues that 3 weak cgnal be
measured in the presence of 3 much larger signal a0 a
nearh, wavelength ln the lahoratory expenments to
Jemownedrate SERSxlectrachemastry, 3 tnpie mono-
(hromator w3v wved 10 resolve the signal from the
resrty Raviergh scant=r This . not only expensive but
Jetx ate and e’ readriy dephoved in the fiekd.

The time «ale of SERSlectrachentiiry depends
on the Jevred wenunvity bt e on the onder of minutes
o rwwe [Ling hades time 1o sllow analyte to sccumuiate
on e electronde wifae s well ax ime 10 acquire the
wetral data with sbequate ugnal 1o noee

Currently, further rewesnch must he Jompietea be-
fore SRS elevtro henndtry can he comudentsd a wen-
mrs anindade foe practical inoute Contaminant meas-
wrements in gmund water. Even of this rechague v
wacceadully des ehoped. it will not he coragpatible with
the oo fenctroumeter hes s it « sk mab e nessure-
mends on the required Hime o abe

| mmenceening

I bemn sl methads ace hawed on the highly
WO ve inter e hetween sn antibualy and s anty-
gen  An in sty immuanchem-<al method loe
Menriagipyrene hes heen devekped by imedwlizing
artitexdy 10 tensofaps rene on the eoxd of an oy al
fibwr (vo Dinnet ol 1987 Trombeeg et al 198 The
measured paramcier 1o the rate of increasd in




benzo(a)pyrene fluorescence as it binds to an antibody.
The detection limit was subanomolar for a 15-minute
incuvation time.

Nonfluorescent analytes can be deiected via the rate
at which they displace fluorophor-labeled antigens from
antibodies immicbilized at the tip of an optical fiber (An-
derson and Miller 1988). The measured parameter in
this case is the rate at which fluorescence intensity
decreases due to displacement. The time scale of these

" measuremenis is on the order of mirutes. too long to be
implemented on the downsiroke of the cone penetrome-
ter but the measurements may be taken on the upstrok:z
of read on a separate attached monitor. They are specific
to particular compounds rather than responding to a
class of compounds. The approach is generic for all
compounds aganst which antibodies can be prepared.
This includes substituted aromacivs like TNT and mu!-
tiring compounds like benzo(a )pyrene. Current research
is directed at devejoping unmunochemical methods for
tetryl. benzene, dickinn and para-chiorophenyimath-
yisulfone in environmental samples. The instrumenta-
tion used for in-situ measurements has used an argon
ion laser as the source with a monochromator to resolve
fluorescence from scattered excitation radiation.

Detection of wetal ioas and cyanide

There have been several reports of optical in-sity
measurement of metal ons (Saani and Seitz 1983,
Zhujun and Senz 1983, Lieberman et al. 1987, Inmanet
al. 1989, Suzuhi et al. 1989). The indicator is a ligard
with fluorescence charactenstics that change upon metal
on binding. Most systems have involved nonfluores-
cent ligands that form fluorescent compicxes. These
systems are himated 1o metal cations that form fluores-
cent complexes. Of the imporamt metal on contami-
nants, Cd(11) can be detected by this approach. Since
detection limits are on the onder of 10 ppb, the method
has sensitivities approuching that required for ground-
water snalyws. However, P, Hgoll) and CrliD) do
not form fluorescent complexes.

Seiectivity depends on the relative affinity of the
ligand for vanous metal ions. Respuase is inherently pH
dependent for most systems reported to date, decause
the metal ion has to displace one or mare protons to form
a complex vath the indicator ligand.,

None of the metzl 1on sensing systems reported t¢
date meets the requiremnent for detecting ground-water
contaminants. However, in principle, it should be pos-
sible to fint a system for detecting heavy metal cations,
h would hrve 10 be hased on absorbance rather than
fluorescence in order to get response 1o the metal ions
that do not form fivorescent complexes. Sensitivity can
be enhanced by using a ligand with a high affinity for
metal ions and sllowing ime for metal ions to sccumy-

late in the indicator phase. However, as with other
indicator systems, there will be a tradeoff between
sensitivity and time. While the exact time required
would depend on the specifics of a system, the author
estimates that it would be on the order of 10 to 30
minutes. Almost ceriinty it would be too iong to be
implemented for real-time sensing with the cone pen-
etrometer.

The simplest approach for developing a metal ion

- sensor is to immobilize the indicator on a solid phase ut

one end of an optical fiber. A more powerful approach
is to design the system to provide a constant supply of
indicator to ihe tip of the fiber. Since the indicator is
constantly renewed. photodegradation is much less of a
problem. Also sensors can be designed to respond
continuously on a steady state basis. A pressurized
membrane indicator system has been used to supply
indicator 1o a fluonigenic fiber-optic me.al ion sensor
system (Inman et al. 1989). Another attractivs approach
is 10 use a contrulied release polymer to provide a
constant supply of indicator to a sensor. Although this
has not been used with metal 1on sensors, it has been
successfully implemented with pH indicator- ¢i.uo and
Wali 1989).

Because metal oxyanions do not form complexes, an
indicator system for dichromate would have to be based
onadifferent pnnciple. Todaie there have not beenany
efforts to deveiop a system for in-situ optical detection
of dichromate.

One of the carliest reports of fiber opuc chemical
sensors descrided an indicator for cyanide (Hardy et al.
1985). However, ecmphasis was on demonstrating a
principle and very little detail was provided. There has
not been any further work on cyanide.

The Office of Naval Research has recently made the
development of trace metal biosensors a high priority
research area. Research funded by this initiative may
lead to improved methods for in-situ metal analysis that
can be applied to contaminant plumes.

NONSPECTKOSCOPIC TECHNIQUES

Hydrocarbons in fuel plumes and halogenated or-
ganic solvents cannot be determined electrochemically.
Aromatic nitro compourds have been detected voltam-
metnicaily at concentrations approuching those occur-
fing in contaminated ground watcr (Whitnack 1963).
PN and Cd(ll) are readily determined by electro-
chemical methods. The sensitivity of direct electro-
chemical methods, €.§.. pulse voltammetry, approaches
the level required for contamina'ed ground water,
Sensitivity can be further enhanced by using the tech-
nique of anadic sripping voltammetry. A metal ion is




reduced at an electrode under controlled conditions for
aknown period of time. The voltage is then scanned an-
odically and the current required to reoxidize the metal
ion is measured.

Voltammetric methods have fallen into disrepute in
recent vears. They are subject to interferences and
surface contamination. Other analytical approaches are
considerably more “rugged” and do not require as high
a degree of operator expertise as electrochemistry. For
this reason, there has not been ! gnificant activity in ap-
plying voltammetnc methods for in-situ detection of
metal ions in spite of the fact that these sheuld be
applicable in favoraole contexis.

SUMMARY

This report describes in-situ aralysis of ground-
water contamirants by methods that can potentially be
implemented with the conc penetrometer, a device for
rapid deployment from the surfae down to ground
water. Sensors can be mounted directly in the pen-
etrometer for real-time analy sis dunng ground penetra-
tion. Altematively, the site characterization and analy-
sis penetrometer system ( SCAPS ) alliows attached/disat-
tached (drop-off) modes of sampling/monitoring. The
report emphasizes detection himats since they -Jefine the
detectable outer limits of a contaminant plume. Several
types of spectrracopic measurements including fluo-
rescer<e, Raman und near-1infrared absorption are read-
ily implemenicd in situ through fiber optics. However,
of these, only laser-induced fluorescence (LIF) has the
sensitivity required to detect typrcal contaminant levels
in ground-water plumes with response hmes short
enough for real-time detection witk the cone penetrome -
ter. Although LIF has been applied for in-situ detection
of hydrocarbons, further development work 1s required
10 extablivh the type of response that s obverved and to
correlate it with hydrocarbon leve s, LIF is not ag "
cable to other types of contaminants because they do. 4
fluoresce.

Indicator systems based on irrzver.able reactions to
form absorbing products have been developed for ven-
ative {i.e.. detection himits as low as 10 ug/L) in-site
detection of chloninated hydrocarbons and polynitroaro-
metic hydrocarbons The 'nstrumentation requirements
are quite modest. However, because the ime wale of
the meawurement 1s nn the order of minutes for the chlo-
nnated hydrocarbons and bouns for polynitroaromatics,
theve sysiems are not compatible with real-time opera-
tion of the cone penetromeier although they ¢ould be
ursed with the SCAPS.

Reversble refructive-inde x-based detection has been
demonstrated for hydrocarbons in gasoline and for

10

chlorinated hydrocarbons. Response times are 100 slow
for the cone penctrometer because it is necessary 1o
preconcentrate analyte to get detection limits down 10
the mg/L level. With further development, refractive-
index-based detection may provide a method for con-
tinuously detecting elevated levels of organic contami-
nants in ground wager.

Metal cations may be detected spectroscopicaily by
reacting them with indicato-; to form colored com-
plexes. However. this type of detection requires consid-
erable further work before it can be adapted to in-situ
detection of metal cations in ground water. In-situ
detection of anioas such as cyan.de and dichromate is a
difficult problem that is not currently being addressed.

lon selective electrodes can detect Pbell). Cd(ID),
Cu(Il) and cyanide at levels appmaching 0. 10 mg/L but
are subject to drift and do not respond to metal 1on or
ligands in compiex ions. Amperometric methods can be
used to detect heavy metal cations such as Pi(II) and
Cd(1l). However, preconcentration techniques are re-
quired to detect ievels below about 0.5 mg/L. Electro-
chemical methods are subjectto error due t contamina-
tion of the electrode surface and require a high degree of
operator skill. Surface acoustic wave detectors could
potentially be used to detect volatile contaminants in
situ although 1o date no work has been dene in this area.
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